We estimated the dependence of the perceived depth on luminance ratio by increasing the distance between the front and rear planes of a depth-fused 3-D (DFD) display. When the distance is great, the perceived depth has the tendency of nonlinear dependence on luminance ratio, which is very different from the almost linear dependence in a shortdistance conventional DFD display. In a long-distance DFD display, the perceived depth is split to near the front plane at 0-40% of the rear luminance, near the rear plane at 70-100%, and the midpoint of the front and rear planes at 40-60%. Thus, the luminance-ratio dependence of perceived depth changes widely with the distance. key words: 3-D display, 3-D visual illusion, luminance ratio, depth-fused3-D 
Introduction
Many three-dimensional (3-D) displays have been reported as stereoscopy, integral photography, volumetric display [1] , and holography [2] . However, these 3-D displays do not satisfy all the main factors yet.
For a human-friendly 3-D display, we have recently studied the depth-fused 3-D (DFD) display, which was proposed by a member of our research group. It enables an observer to perceive an apparent 3-D image of continuous depth between two 2-D display images when their luminances are divided between them according to the 3-D image depth. A DFD image is fatigueless to people because an observer of the DFD image feels the same little fatigue as one viewing a 2-D image [3] . However, in a DFD display, the image depth is limited if linear dependence of the luminance ratio should be perceived. To enlarge the image depth, precise evaluation of the perceived depth in a DFD display with a great distance between the front and rear planes is necessary.
In the study reported in this paper, the perceived depth change of a DFD display versus luminance ratio was evaluated by changing the distance and luminance ratio between two planes as a preliminary step to make a deep DFD image. 
DFD Display

Fundamentals
The principle of the DFD display is shown in Fig. 1 . The DFD display needs only two conventional 2-D displays without any extra equipment for observers. It enables an observer to perceive an apparent 3-D image of continuous depth between two 2-D display images when their luminances are divided between them according to the 3-D image depth. In a DFD display, two overlapped images with different depths can be perceived as a single-depth image [4] , [5] . The perceived depth of the fused image continuously changes as the luminance ratio of the two images is changed when the distance between the front and rear planes is short. In this conventional DFD display, perceived depth has an almost linear dependency when the distance from the rear plane to the front plane is short, as reported by Suyama [4] .
Visual Perception Model in DFD Display
To model the visual perception in the DFD display [4] , we compared the differences between vertical edge sequences in the overlapped and general conditions. The depth fusing model of the DFD display is shown in Fig. 2 . In both conditions, the actual 2-D squares have edges labelled A and B (C and D) in the front plane and rear plane. In the general condition, the left-eye (right-eye) image has vertical edges in the order {CL, AL} ({CR, AR}) on the left side and {DL, BL} ({DR, BR}) on the right side. Since the edge sequences between the left-and right-eye images coincide, the human visual system can easily solve the stereo-matching problem and segregate the two squares at different depths. On the other hand, in the overlapped condition, the left-eye (righteye) image has vertical edges in the order {CL, AL} ({CR, AR}) on the left side and {DL, BL} ({CR, AR}) on the right side. Unlike the edge sequence in the general condition, the order of edge sequences is inverted on both vertical sides of the rectangles. This difference suggests that the visual system fails to solve the matching problem using binocular cues, which results in the perception of a single depth-fused image rather than two images. Figure 3 shows the depth-fusing model for the overlapped condition when the distance between the front plane and rear planes is great. The edge sequence is the same as for the conventional DFD display shown in Fig. 2 (a-2). However, when the distance is great, the edges of overlapped images are very wide, which is different from the tiny edges when the distance is short, as in Fig. 2 (a-2). Figure 4 shows the human visual model when the distance between the front and rear planes is short. It is well known that perceived images are processed by dividing several frequency channels of images in the human visual model [6] . When the human visual system fails to solve the stereo-matching problem at overlapped condition as shown in Fig. 2(a-2) , the low-frequency channel is used, resulting in the double edge region being perceivable as one edge. The right illustration in Fig. 4 shows the image luminance distribution. Low-pass-filtered luminance distributions of the front image, rear image, and retinal image are shown by dotted curves. The observer perceives the position for which the dotted curve is steep as an edge. The edge position of the retinal image is near the edge position of the high-luminance plane. By changing the luminance ratio of two images, we change the parallax in both eyes because the positions of edges are changed. Figure 5 shows the human visual model when the distance between front plane and rear plane is great. The dotted curves show low-pass-filtered luminance distributions. As the edges are very wide, low-pass-filtered curves of retinal images have flat regions, resulting in two steep positions in luminance distribution. These two steep positions indicate that the human visual system fails to perceive the one fused image.
Takada reported that, as the distance is increased, the depth fused image is perceived at the front and midpoint positions rather than at intermediate depth positions between the front and rear planes [7] , which coincides with our above speculation model. The depth fused image has split depths at the front and midpoint positions.
As a similar phenomenon, Foley [8] and Ono [9] discussed the fusion of two overlapped thin vertical bars with different depths. Consequently, Ono concluded that the thin vertical bars were perceived only at the front, rear, or mid- point positions. This is similar to Takada's results when the distance is increased in DFD perception. However, the thin vertical bars do not have the common area shown in Figs. 12 or 13 for DFD perception. This is an essential difference between Foley's phenomenon and DFD perception because continuous perceived depth cannot be obtained, even when the distance is decreased.
The present paper reports the change in dependence of the perceived depth on luminance ratio when the distance is increased.
Edge Width in Retinal Image
Image width and double edge width can be calculated as follows. The arrangement of the front plane, rear plane, and observer for the DFD display is shown in Fig. 6 . Here, v = visual angle s = width of front image d = distance from front plane to observer The visual angle v can be calculated as follows.
)} Next, we calculated the double edge width. The calculation setup is shown in Fig. 7 . Here, d eye = base line length The double edge width W d can be calculated as
The setup for calculating the distance between two planes is shown in Fig. 8 . The distance D between two planes can be calculated as 
Evaluation of DFD Display by Increasing the Distance
Measurement Method
Experimental Apparatus
The apparatus used for evaluating the perceived depth of DFD display is shown in Fig. 9 . The DFD display was composed of two displays and a half mirror. The image of the front display was set in front of the rear display by using a half mirror. The stimuli were two 2-D green squares displayed on the front and rear displays on a black background. The green square size was 2 cm. Visual angle v was 69 minutes of arc. The distance from the rear plane to the front plane was 1.0 cm and 5.0 cm (1.0 min. and 4.9 min. of arc). Double edge widths W d were 1.0 min. and 4.9 min. of arc. The distance from the subject to the front plane was 100 cm. The subject evaluated the perceived depth of the stimulus by moving a reference image in a movable display by using control device. Figure 10 shows two 2-D display images whose luminances are divided between them at a fixed distance. There were 15 patterns of images to display. The observer evaluated the distance from the stimulus to the reference image by using these patterns. These patterns were displayed in random order. Figure 11 shows the perceived depth dependence on luminance ratio when the distance from the rear plane to the front plane was the conventional distance of 1.0 cm and the great distance of 5.0 cm. When the distance was as short as 1.0 cm, the perceived depth change had an almost linear dependency on luminance ratio, as shown in Fig. 11(a-1) . For Subject 1, the perceived depth was just near the front plane with 0-20% of the rear luminance and near the rear plane with 90-100% of the rear luminance.
Stimulus Image of DFD Display
Perceived Depth Dependence on Luminance Ratio
When distance was as great as 5.0 cm, the perceived depth had a nonlinear dependency on luminance ratio, as shown in Fig. 11(a-2) . The perceived depth was near the front plane with 0-40% of the rear luminance and near the rear plane with 60-100% of the rear luminance.
Figures 11(b-1), (b-2), (c-1), and (c-2) show the results for other subjects. When the distance was 1.0 cm, the results for Subjects 2 and 3 showed a similar tendency to those for Subject 1. These results are consistent with those reported by Suyama [4] .
When the distance was as great as 5.0 cm for two subjects, the perceived depth dependence on luminance had a tendency to accumulate at the midpoint of the front and rear planes when the rear luminance ratio was 30-60%. At the point of this accumulated tendency for Subjects 2 and 3, the luminance dependence of the perceived depth was different from that for Subject 1. When the rear luminance was 0-40% or 70-100%, the slopes of the results were different for the subjects. For example, the results for Subject 2 have a shallower slope at 0-40% of the luminance in all three subjects, and Subject 3 has a steep slope.
The results that perceived depth dependence on luminance has a tendency to accumulate at the midpoint of the front and rear planes is consistent with the report by Takada [7] .
Thus, when the distance is increased, luminance dependence of perceived depth changes significantly and the perceived depth splits to near the front plane, near the rear plane, and the midpoint of the front and rear planes.
Discussion
Retinal images when the distance is short and great are shown in Figs. 12 and 13 , respectively. When the edge width is small (Fig. 12) , the retinal image can be perceived as an object with tiny left and right edges. However, when the distance is great, the edge width becomes very large, resulting in the human visual system failing to perceive one fused image, as shown in Fig. 5 . After this failure to fuse two depth images into one depth image, this large region of the edge is considered to be perceived as an independent object beside the bright central object rather than as an edge belonging to the object. This indicates that, for the human visual system, the right, centre, and left objects of the left-eye's retinal images can be stereo-matched to the right, centre, and left objects of the right-eye's retinal images. This stereo-matching process results in the perceived depth being split to near the front plane, near the rear plane, and the midpoint of the front and rear planes.
Conclusion
We evaluated the change in perceived depth dependence on luminance ratio in a DFD display when the distance between the front and rear planes is increased from the conventional distance of 1 cm to a great distance of 5 cm.
For 1 cm, the perceived depth has linear dependency on luminance ratio. However, when the distance is increased to 5 cm, the perceived depth has a nonlinear dependency on luminance ratio. Perceived depth for a great distance is split to near the front plane, near the rear plane, and the midpoint of the front and rear planes. This is because the edge width in an overlapped image becomes very large, resulting in this large edge being perceived as an independent object by the human visual system. Thus, the perceived depth dependence on luminance ratio changes widely with the distance between the front and rear planes.
